Tuberculosis (TB) remains a global health crisis, as evidenced by the grim statistics: 9.6 million new cases, 480,000 of which were multidrug-resistant, and 1.5 million deaths occurred from this disease in 2014.^[@ref1]^ The ongoing emergence and spread of *Mycobacterium tuberculosis* (*Mtb*) strains resistant to available antimycobacterial drugs has underscored the urgent need to develop new drugs with novel mechanisms of action.^[@ref2]^ However, to meet the demand for new and better drugs for the treatment of both drug-resistant and drug-susceptible forms of the disease, it is essential that the front end of the TB drug pipeline be strengthened by the identification of validated targets coupled with lead compounds.^[@ref3]−[@ref7]^

Both phenotypic^[@ref3],[@ref4],[@ref6]−[@ref8]^ and target-based approaches^[@ref9]−[@ref13]^ have been used to identify novel antimycobacterial agents with unique targets in *Mtb*. However, as in other areas of antimicrobial drug discovery,^[@ref14]^ target-based approaches have met with limited success in TB drug discovery, being confounded by the issues of drug permeation, metabolism, and efflux. Moreover, basing target selection on the criterion of essentiality for growth of *Mtb* under in vitro conditions in the absence of knowledge of the vulnerability of that target in the host has further compromised the utility of this approach, where vulnerability, in this context, refers to the extent to which protein function must be inhibited before phenotypic consequences such as bacteriostasis or death are observed.^[@ref15],[@ref16]^

Given these difficulties, the emphasis in recent years has shifted to using high-throughput, cell-based screening to identify hit compounds with whole-cell activity against *Mtb* under various conditions.^[@ref2]^ This strategy has been more successful and has led to the development of a number of new drugs and drug candidates, including bedaquiline, delamanid, PA-824 (pretomanid), PBTZ-169, and Q-203.^[@ref3],[@ref4],[@ref6],[@ref7],[@ref17]^ However, a limitation of this approach is that deducing the mechanisms of action of compounds with whole-cell activity is not always straightforward, which can complicate hit progression. Although whole-genome sequencing of mutants resistant to the compound provides a powerful means of target identification when the resistance-conferring mutations map to the target itself,^[@ref3]^ this is not always the case, with a disconnect between the mechanism of resistance to a compound and its mechanism of action^[@ref18]^ being observed when the molecule is a prodrug, when its inhibitory effects are pleiotropic,^[@ref19]^ or when its target is not a protein.^[@ref20]^ We and others have therefore investigated the use of target-based whole-cell screening, which integrates both phenotypic and target-led approaches to hit identification. In this approach, conditional knockdown (cKD) mutants of *Mtb* that are hypersensitized to target- and pathway-specific inhibitors, are used to discover novel chemical scaffolds with whole-cell activity against high-value targets or pathways and/or to assess the selectivity of inhibitors of specific targets in whole *Mtb* cells.^[@ref15],[@ref21],[@ref22]^ However, it is important to note that target depletion mimics noncompetitive inhibition^[@ref23]^ and, therefore, may not always accurately predict the chemical vulnerability of a target.^[@ref22]^

The coenzyme A (CoA) pathway has attracted attention as a source of novel drug targets in a number of bacterial pathogens^[@ref24]−[@ref29]^ owing to its ubiquitous nature and the lack of sequence similarity between prokaryotic CoA biosynthesis enzymes and their eukaryotic counterparts.^[@ref30]^ CoA is required both as an essential cofactor and for the regulation of key metabolic enzymes in numerous cellular pathways, with 9% of all enzymes estimated to utilize this cofactor.^[@ref26],[@ref31]^ Of particular significance in the case of *Mtb* is the critical role that CoA plays in the biosynthesis of lipids, which include essential components of the cell envelope and virulence factors, as well as in the catabolism of lipids, which provide the primary source of energy for the bacillus during infection.^[@ref32]^ Unlike mammals, prokaryotes, including *Mtb*, are able to synthesize pantothenate (Pan; vitamin B5), the precursor of CoA, de novo. The biosynthesis of Pan in *Mtb* is accomplished by PanB (Rv2225), PanD (Rv3601c), PanC (Rv3602c), and PanE (Rv2573), which constitute the first stage of the CoA pathway. In the second, universal stage, the conversion of Pan to CoA occurs in five steps, catalyzed by PanK (CoaA; Rv1092c), CoaBC (Rv1391), CoaD (Rv2965c), and CoaE (Rv1631) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Pan and CoA biosynthesis pathways of *Mtb*. CoaBC bypass occurs via PanK-mediated phosphorylation of PantSH to produce P-PantSH.](id-2016-00150p_0002){#fig1}

Genome-wide transposon mutagenesis screens^[@ref33],[@ref34]^ as well as targeted gene knockout approaches^[@ref29]^ suggested that genes in both stages of the CoA pathway are required for optimal growth of *Mtb* in vitro, at least in the absence of supplementation with pathway intermediates. Early studies by Jacobs and colleagues^[@ref35]^ confirmed the essentiality of Pan biosynthesis for growth of *Mtb* in vitro by demonstrating a strict requirement for exogenous Pan supplement for the growth of mutants of *Mtb*, which lack *panC* and *panD*. This work simultaneously established the ability of *Mtb* to transport and assimilate Pan, although the mechanism of Pan transport remains obscure. The attenuation in mice conferred by loss of *panC* and *panD*([@ref35]) confirmed that Pan biosynthesis is required for growth of *Mtb* in vivo and demonstrated that the bacilli are unable to access sufficient quantities of Pan in the host to bypass the first stage of the pathway. The attenuating Δ*panCD* mutation formed the backbone of double mutants of *Mtb* that were later developed as attenuated vaccine candidates, and have found application in TB research as *Mtb* strains that can be used under biosafety level (BSL) II containment.^[@ref35]−[@ref37]^ These studies, together with the availability of crystal structures of a number of CoA pathway enzymes for use in structure-guided drug design, provided further support for investigating the CoA pathway as an attractive source of new TB drug targets, encouraging the development of inhibitors against various pathway enzymes.^[@ref9],[@ref13],[@ref38]−[@ref41]^ However, despite resource-intensive efforts that led to the identification of potent inhibitors of *Mtb* PanC and PanK enzymes, these molecules failed to translate into lead compounds with significant whole-cell activity.^[@ref13],[@ref42],[@ref43]^ Using cKD mutants of *Mtb* as tools to assess target vulnerability and the target selectivity of small-molecule inhibitors in whole *Mtb* cells, we^[@ref21]^ and others^[@ref43]^ concluded that these failures might be explained, at least in part, by the relative invulnerability of *Mtb* to depletion of PanC and PanK.

We reasoned that a similar genetic approach could be employed to identify one or more steps of the CoA pathway more amenable to inhibition. In this study, we generated cKD mutants in genes encoding six potential targets---PanB, PanE, PanK, CoaBC, CoaD, and CoaE---and used these to assess the impact of depleting each target on the viability of *Mtb*. Characterization of the cKD mutants by comparison of the impact of transcriptional silencing of individual genes on *Mtb* viability in vitro and in mice established CoaBC as a bactericidal target in the CoA biosynthetic pathway.

Results {#sec2}
=======

Transcriptional Silencing of *panB*, *coaBC*, *coaD*, and *coaE* Inhibits the Growth of *Mtb* In Vitro {#sec2.1}
------------------------------------------------------------------------------------------------------

cKD mutants in *panB*, *panE*, *panK*, *coaBC*, *coaD*, and *coaE* were generated in a two-step process involving replacement of each native promoter with a tetracycline (Tet)-regulated promoter, P~myc1~*tetO* ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)), by single crossover (SCO) homologous recombination.^[@ref21],[@ref44]^ Because *panB*, *panK*, *coaBC*, *coaD*, and *coaE* are not predicted to be located within operons ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)), promoter replacement was not expected to have any significant polar effect on the expression of their downstream genes. In contrast, the short (23 bp) intergenic spacing between the 3′-end of *panE* and the start codon of the downstream *Rv2574* gene encoding a nonessential^[@ref33],[@ref34]^ conserved hypothetical protein suggested the possibility of a polar effect in this case. However, this possibility was excluded by quantitative gene expression analysis of *Rv2574* in H37RvMA and the *panE* promoter replacement mutant, which confirmed that *Rv2574* transcript levels were not affected by replacement of the native *panE* promoter with P~myc1~*tetO* (data not shown). Following promoter replacement, wild-type (TetR) or reverse Tet repressors (rev-TetR) were introduced via integrative vectors to produce mutants in the Tet-ON and Tet-OFF configurations, respectively.^[@ref45]^ For each gene, we attempted to construct two different Tet-ON configuration mutants by using promoters of different strengths to drive Tet repressor (TetR) expression, that is, strong (Tet-ON~S~) versus intermediate-strength (Tet-ON~M~). In the case of *panE*, *panK*, and *coaD*, mutants in all three configurations were obtained (Tet-ON~S~, Tet-ON~M~, and Tet-OFF). However, as previously observed for *lysA*,^[@ref21]^ Tet-ON~S~ mutants could not be generated for *panB*, *coaBC*, and *coaE*, suggesting that the expression of these genes in the presence of high levels of TetR was below the threshold required to support bacillary growth even when inducer was added.

The effect of transcriptional silencing on growth of the cKD mutants on solid medium was monitored as a function of inducer concentration. Incubation in the presence or absence of anhydrotetracycline (ATc) resulted in complete attenuation of growth of the Tet-OFF and Tet-ON~M~ mutants in *panB*, *coaBC*, and *coaE*, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). In contrast, inducer-dependent phenotypes were not observed for any of the *panE* and *panK* mutants even under conditions of maximal silencing, and growth attenuation was observed only for *coaD* Tet-ON~S~ at ATc concentrations ≤3.2 ng/mL ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), suggesting that strong repression of *coaD* expression is required to inhibit *Mtb* growth. The ability of exogenously supplied Pan to restore growth of the *panB* Tet-ON~M~ and Tet-OFF mutants under repressed conditions ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) confirmed that growth inhibition was due to interference with Pan biosynthesis. Similarly, restoration of growth of the *coaBC* Tet-ON~M~ and Tet-OFF mutants by exogenous pantethine (PantS) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) confirmed the functionality of CoaBC bypass in *Mtb* via phosphorylation of pantetheine (PantSH)---the reduced form of PantS---by the type I PanK (CoaA) to produce 4′-phosphopantetheine (P-PantSH)^[@ref46],[@ref47]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In contrast, P-PantSH could not rescue growth of these mutants on agar when supplied at concentrations up to 2.5 mg/mL ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)), confirming that this CoA pathway intermediate, which enters eukaryotic cells,^[@ref48]^ cannot be assimilated by *Mtb* in vitro. Together, the growth phenotyping data suggested that *panB*, *coaBC*, and *coaE* grouped with *panC*([@ref21]) at one extreme, being amenable to inducer-dependent growth inhibition using this transcriptional silencing system; *panE* and *panK* grouped at the other extreme, being refractory to inducer-dependent growth attenuation; and *coaD* fell between the two.

![ATc dose dependence of growth of cKD mutants of *Mtb*. Strains were grown to early log phase and equivalent numbers of cells were inoculated onto 7H10 agar containing the indicated concentrations of ATc (ng/mL) and/or Pan (25 μg/mL) and PantS (2.5 mg/mL) and incubated for 9 days. Tet-ON~M~, TetR expressed from intermediate-strength promoter; Tet-OFF, reverse TetR expressed from intermediate-strength promoter; Tet-ON~S~, TetR expressed from strong promoter.](id-2016-00150p_0003){#fig2}

We postulated that the amenability of *Mtb* to inducer-dependent modulation of growth inhibition by transcriptional silencing of a given gene would depend upon the basal transcript level of that gene in the wild-type strain. To test this, we used droplet digital PCR (ddPCR) to measure the concentration of CoA pathway gene transcripts in exponentially growing H37Rv as compared to the cKD mutants in the presence and absence of a range of inducer concentrations ([Figures S4 and S5; Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)). Dose-dependent repression of *panB*, *panC*, *coaBC*, and *coaE* was shown to correlate with progressively reduced growth of the corresponding Tet-ON~M~ and Tet-OFF mutants, and growth inhibition was observed only when the transcript levels were reduced to below the corresponding levels in H37Rv ([Figure S4; Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)). Under the conditions tested, *panE*, *panK*, and *coaD* transcript levels were substantially lower than those of *panB*, *panC*, *coaBC*, and *coaE* in wild-type *Mtb* ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)). This would explain the lack of responsiveness of the *panE* mutants, where basal expression is very low and could not be reduced further by any of the regulated systems, although this gene has also been reported to be nonessential.^[@ref33],[@ref34]^ Interestingly, replacement of the *coaD* native promoter with P~myc1~*tetO* resulted in a \>60-fold induction of expression of *coaD*, and transcript levels could be reduced only to below those observed in H37Rv upon maximal silencing of the Tet-ON~S~ cKD, which is in accordance with the observed growth phenotype. Although *panK* transcript levels were reduced by ∼50% relative to wild-type in the fully repressed *panK* Tet-ON~S~ conditional mutant, this was not sufficient to confer a growth phenotype. These findings are consistent with those of Reddy et al.,^[@ref43]^ who, during the course of our study, reported that *Mtb* was able to grow unimpeded in the absence of detectable levels of PanK, suggesting invulnerability of this target.

Although the regulated gene expression system used to generate the cKD mutants characterized in this study was unable to reduce *panE*, *panK*, and *coaD* transcripts to levels sufficiently low to confer a growth phenotype, the recent development of newer tools with improved silencing capabilities may facilitate more efficient silencing of genes such as these, which are expressed at low basal levels in *Mtb*. These include systems for regulated target protein degradation,^[@ref15],[@ref49]^ dual control (DUC) systems that enable the simultaneous down-regulation of target genes as well as degradation of their encoded proteins,^[@ref50],[@ref51]^ and clustered regularly interspaced short palindromic repeat interference (CRISPRi)-regulated systems.^[@ref52],[@ref53]^

Silencing of *coaBC* Is Bactericidal in *Mtb* In Vitro {#sec2.2}
------------------------------------------------------

Having confirmed the association between transcriptional silencing of *panB*, *panC*, *coaBC*, or *coaE* and inhibition of *Mtb* growth on agar ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), we asked what impact silencing of these genes would have on the viability of *Mtb*. Mutants in the Tet-ON~M~ and Tet-OFF configurations were cultured in standard Middlebrook 7H9 medium in the absence or presence of ATc, respectively, and aliquots sampled daily over a 9-day time course were assessed for viability by scoring colony-forming units (CFUs) on Middlebrook 7H10 agar with or without ATc. All controls behaved as expected: equivalent, ATc-independent growth was observed for the wild-type and promoter-replacement strains, and the absence of colonies from cultures plated under conditions of silencing confirmed maintenance of ATc-dependent growth for all eight cKD mutants throughout the course of the experiment ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Following silencing of *panB*, *panC*, and *coaE* by incubation of the Tet-ON~M~ mutants in liquid culture in the absence of ATc for 9 days, the number of CFUs recovered on plates containing 200 ng/mL ATc (i.e., permissive for growth) was equivalent to that present in the starting inoculum, suggesting that depletion of PanB, PanC, and CoaE is bacteriostatic in *Mtb* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Similarly, equivalent numbers of CFUs were recovered after plating on agar containing no ATc following incubation of the *panB*, *panC*, and *coaE* Tet-OFF mutants in the presence of ATc for 9 days ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In contrast, however, the *coaBC* cKD mutants showed a rapid decline in CFU counts between days 2 and 3 (Tet-ON~M~) or days 4 and 5 (Tet-OFF), which remained below the limit of detection for the remainder of the experiment ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The difference in timing of the CFU decline between the *coaBC* Tet-ON~M~ and Tet-OFF mutants can be attributed to the fact that the *coaBC* Tet-ON~M~ inoculum was grown in the presence of PantS supplement but without ATc for 3 days, thereby allowing *coaBC* silencing to occur prior to commencing the experiment. Together, these results suggest that following transcriptional silencing of *coaBC,* residual CoaBC already present in the cell can sustain the growth of *Mtb* for approximately 6 days, whereafter depletion of CoaBC becomes bactericidal.

![Effect of transcriptional silencing of *panB*, *panC*, *coaBC*, and *coaE* on the viability of *Mtb* in vitro. Tet-ON~M~ and Tet-OFF cultures of each conditional mutant were grown in the presence and absence of ATc prior to plating serial dilutions of each on 7H10 agar in the presence (200 ng/mL) and absence of ATc. CFUs were scored at the indicated time points, and the results are representative of three independent experiments. The limit of detection was 1 CFU. Error bars represent standard deviation. SCO, promoter replacement mutant generated by single crossover (SCO) homologous recombination; (ATc--/−), incubated in the absence of ATc and plated in the absence of ATc; (AT−/+), incubated in the absence of ATc and plated in the presence of ATc; (ATc+/−), incubated in the presence of ATc and plated in the absence of ATc; (ATc+/+), incubated in the presence of ATc and plated in the presence of ATc.](id-2016-00150p_0004){#fig3}

To investigate whether the distinct effect of *coaBC* silencing on *Mtb* viability could be due to a relatively high rate of CoaBC protein depletion, CoaBC-specific peptides in the *coaBC* Tet-OFF cKD were quantified by mass spectrometry as a function of time under conditions of silencing analogous to those used previously to analyze the impact of *panC* silencing on PanC levels in the *panC* Tet-OFF mutant.^[@ref21]^ In the gene silencing protocol employed here, PantS was included in the culture medium to enable CoaBC bypass and, thus, ensure equivalent growth of the *coaBC* Tet-OFF mutant cultured under repressed and derepressed conditions. CoaBC peptide abundance in the *coaBC* Tet-OFF mutant was found to be decreased by 61 and 93% after 3 and 6 days of silencing, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This result confirmed the association of CoaBC depletion with loss of viability of *Mtb*. By comparison, *panC* silencing of the *panC* Tet-OFF cKD under similar conditions was found to result in ≥95% depletion of PanC after 4 days of exposure to ATc, as determined by Western analysis.^[@ref21]^ These findings suggest that differential kinetics of protein depletion are unlikely to explain why silencing of *coaBC* is bactericidal in *Mtb*, whereas silencing of *panC* is bacteriostatic over the same time course ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Mass spectrometric quantitation of CoaBC-specific peptides. Label-free quantitative analysis of six CoaBC-specific peptides in the *coaBC* Tet-OFF mutant with and without silencing for 3 and 6 days. Strains were grown in the presence of PantS to prevent the emergence of unresponsive repressor mutants and to ensure equivalent growth rates of all strains. All data are representative of three biological replicates and were normalized to SigA peptide abundance. ATc200, anhydrotetracycline (200 ng/mL); PantS, pantethine (2.5 mg/mL).](id-2016-00150p_0005){#fig4}

The CFU decline accompanying *coaBC* silencing could be due to either cell death or impaired culturability. To distinguish these possibilities, we reasoned that nongrowing but metabolically active (NGMA)^[@ref54]^ cells with impaired culturability might be rescuable through CoaBC bypass with exogenously supplied PantS. Indeed, inclusion of PantS (2.5 mg/mL) in the media used to score the viability of silenced *coaBC* Tet-OFF cells over an extended (32-day) time course had an impact on culturability of this strain, as evidenced by the ability to culture CFUs on plates containing PantS supplement versus PantS-free controls over a longer period of time ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The rescue of culturable organisms by PantS was, however, time-limited, being sustained for a further 20 days before the effect was lost ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Moreover, the rescue was PantS dose-dependent, being less pronounced and sustainable at lower concentrations of supplement ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![PantS supplementation temporarily rescues the bactericidal effect of *coaBC* silencing in *Mtb* in vitro in a dose-dependent manner. The *coaBC* Tet-OFF cKD mutant was grown in the presence and absence of ATc prior to plating serial dilutions on 7H10 agar in the presence (200 ng/mL) and absence of ATc, as well as on 7H10 agar containing various concentrations of PantS (mg/mL). CFUs were scored at the indicated time points, and the results are representative of three independent experiments. The limit of detection was 1 CFU. Error bars represent standard deviation. (ATc--/−), incubated in the absence of ATc and plated in the absence of ATc; (ATc−/+), incubated in the absence of ATc and plated in the presence of ATc; (ATc+/−), incubated in the presence of ATc and plated in the absence of ATc; (ATc+/+), incubated in the presence of ATc and plated in the presence of ATc.](id-2016-00150p_0006){#fig5}

Metabolic Consequences of *panB*, *panC*, *coaBC*, and *coaE* Silencing {#sec2.3}
-----------------------------------------------------------------------

Postulating that the distinct impact of *coaBC* silencing on the culturability and viability of *Mtb* might be attributable to the accumulation of one or more toxic metabolites, we analyzed the intracellular pool size changes of a set of 69 metabolites associated with Pan and CoA metabolism by assessing the impact of ATc-mediated silencing of the *coaBC* Tet-OFF cKD for 1.5 or 3 days relative to the ATc-free control. For comparison, the *panB*, *panC*, and *coaE* Tet-OFF cKD mutants, treated under identical conditions, were analyzed in parallel ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, [S6, and S7](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)).

![Metabolic impact of genetic silencing of pantothenate and CoA biosynthesis enzymes in ATc-regulated cKD mutant strains. Steps in the biosynthetic pathway that were subject to transcriptional silencing are indicated in orange diamonds with black lettering; other steps are shown as pink diamonds with gray lettering. Relative metabolite abundances (based on ion intensities) are indicated in heatmap format below each pathway intermediate, with columns indicating the duration of silencing (1.5 or 3 days) and rows denoting the specific gene silenced. Asterisks indicate metabolites for which levels varied in direction between two independent experiments after 3 days of silencing. Primary data are included in [Figures S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf).](id-2016-00150p_0007){#fig6}

The metabolite profiles of the four cKD mutants sampled after 1.5 and 3 days of silencing were qualitatively and quantitatively similar. In particular, there was no clear evidence of accelerated metabolic derangement resulting from silencing of *coaBC* compared to *panB*, *panC*, or *coaE*, as would be expected if CoaBC was degraded more rapidly than PanB, PanC, or CoaE. The metabolite profiles of all four mutants were broadly consistent with the metabolic adaptation that is expected to occur as a consequence of CoA depletion.^[@ref55]^ Importantly, the levels of CoA itself were depleted in all four cKD mutants, showing more pronounced depletion after 3 days of transcriptional silencing than after 1.5 days ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [S6](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)). ATc-dependent depletion of acetyl-CoA, phosphoenolpyruvate, α-ketoglutarate, fumarate, and malate was also observed in all four strains following 1.5 and 3 days of silencing ([Figures S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)), consistent with functional impairment of the tricarboxylic acid (TCA) cycle. Various levels of accumulation or depletion of amino acids and amino acid precursors were observed upon silencing of the four genes, reflecting an impact of CoA depletion on amino acid biosynthesis as a result of TCA cycle dysfunction.^[@ref55]^ Of the CoA thioesters included in this analysis, pools of malonyl-CoA, a key metabolite utilized in fatty acid biosynthesis, were most markedly depleted in all strains, more so than its biosynthetic precursor, acetyl-CoA. In contrast to malonyl-CoA and acetyl-CoA, and unlike in *Escherichia coli* where CoA starvation resulted in profound depletion of succinyl-CoA,^[@ref55]^ changes in succinyl-CoA levels were minor and variable in the *Mtb* strains. Other metabolites depleted in all strains included UDP-glucose and UDP *N*-acetyl-[d]{.smallcaps}-glucosamine, which are involved in the synthesis of trehalose and peptidoglycan, respectively---both critical components of the *Mtb* cell envelope.

A focused analysis of the subset of metabolites that comprise the substrates and intermediates of the CoA pathway revealed that the levels of the pathway intermediates did not exhibit accumulations and depletions readily predicted by the specific step blocked by silencing ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Moreover, strain classification according to profiles of CoA biosynthetic intermediates showed that *coaBC* clustered more closely with *panC* than with *panB* and *coaE* (data not shown). This analysis thus indicates that the distinct phenotypic impact of *coaBC* silencing on viability and culturability is likely mediated by a mechanism more complex than alteration of its specific substrate and product levels.

CoaBC Is Required for Growth and Persistence of *Mtb* in Mice {#sec2.4}
-------------------------------------------------------------

The ability of PantS to restore growth of CoaBC-deficient *Mtb* in vitro suggested that CoaBC would be rendered nonessential should CoaBC bypass be operational in vivo. To investigate this possibility, we analyzed the impact of *coaBC* silencing on *Mtb* growth and survival in mice. Both *coaBC* Tet-ON~M~ and Tet-OFF mutants failed to establish an infection when *coaBC* transcription was silenced at the point of infection ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)). Furthermore, neither mutant was detectable in mouse lungs by ∼10 days post-infection. The effect of depleting CoaBC during acute or chronic infection was then investigated by measuring the bacillary burdens in mouse lungs ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a) and spleens ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b) after silencing of *coaBC* Tet-OFF at 8 or 35 days post-infection, respectively. Initiation of silencing at both of these later time point resulted in a rapid decline in CFUs recovered from the lungs and spleens of infected mice compared to animals that did not receive doxycycline (doxy). Mice fed doxy from day 8 showed decreased lung pathology by day 56 post-infection as compared to untreated controls and, similarly, less inflammation was observed by day 140 in mice fed doxy from day 35 ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)). These results confirm that CoaBC is required for growth and persistence of *Mtb* in mice and argue against CoaBC bypass by salvage of PantS(H) in this infection model. Critically, plating of lung homogenate from mice administered doxy from day 8 and sacrificed on day 35 on agar containing PantS (2.5 mg/mL) yielded a significantly higher CFU count than on plates without PantS supplement ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a), although this difference was resolved at later time points ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). Thus, as observed in vitro, high concentrations of PantS can transiently rescue nonculturable, CoaBC-deficient *Mtb* from mouse lungs before CoaBC depletion becomes bactericidal.

![CoaBC is required for growth and persistence of Mtb in mouse lungs (a) and spleen (b). Mice were infected with the *coaBC* Tet-OFF mutant and received food containing doxycycline starting from the day of infection (day 0), at day 8 (during acute infection), at day 35 (during chronic infection), or not at all, as indicated. The limit of detection was 4 CFU in lungs and spleens. The data are representative of four mice per time point; error bars represent standard deviation. Doxy day 8 + PantS, lung homogenate from mice fed with doxy from day 8 post-infection inoculated onto agar containing PantS (2.5 mg/mL); Doxy day 35 + PantS, lung homogenate from mice fed with doxy from day 35 post-infection inoculated onto agar containing PantS (2.5 mg/mL).](id-2016-00150p_0008){#fig7}

Discussion {#sec3}
==========

The set of cKD mutants reported here and previously^[@ref21]^ provided a powerful resource for investigating the impact of blocking the CoA biosynthesis pathway at specific steps in both stages on the physiology and metabolism of *Mtb*. Clear growth attenuation was observed upon transcriptional silencing of *panB*, *coaBC*, and *coaE*, providing further confirmation of the essentiality of these enzymes for the growth of *Mtb* in vitro.^[@ref33],[@ref34]^ Although comparable inhibition of bacillary growth was observed as a result of transcriptional silencing of *panB*, *panC*,^[@ref21]^*coaBC*, and *coaE*, silencing of *coaBC* was distinguished by the fact that it resulted in a bactericidal phenotype, whereas *panB*, *panC*, or *coaE* silencing was bacteriostatic under identical conditions. Two lines of evidence argued against this difference being attributable to a comparatively high rate of protein degradation of CoaBC: First, quantification by mass spectrometry of CoaBC-specific peptides during the course of silencing of the *coaBC* Tet-OFF cKD under conditions analogous to those used to analyze the impact of *panC* silencing on PanC levels in the *panC* Tet-OFF cKD by Western analysis^[@ref21]^ suggested that CoaBC is not degraded more rapidly than PanC. Second, there was no evidence of a more rapid change in metabolite levels in *Mtb* following silencing of *coaBC* compared to *panB*, *panC*, or *coaE*. The finding that PantS temporarily restored culturability of CoaBC-depleted *Mtb* in a dose-dependent manner suggests that although the bacilli were unable to grow to form visible colonies on agar, they were able to detect, transport, and assimilate PantS to produce CoA, which enabled regrowth. At a practical level, these findings highlight the limitations of using colony-forming ability as a proxy for viability of *Mtb*, particularly when central metabolism may be functionally impaired. Importantly, however, the state of impaired culturability inferred from PantS rescue was maintained only transiently with sustained *coaBC* silencing leading to *Mtb* cell death, both in vitro and in mice. One possible reason for the time-limited rescue is that PantS became exhausted during the course of these experiments. If this were the case, it would imply that *coaBC* transcript levels in the *coaBC* Tet-OFF mutant were not restored during the period of PantS rescue and that the expression system was not reversible following removal of ATc. However, this explanation is unlikely for the following reasons. First, there is no obvious reason why the system should be irreversible only in the case of *coaBC*. Second, because the *coaBC* cKD mutants in the Tet-OFF and Tet-ON configurations showed similar phenotypes in response to silencing ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [S4](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf)), the system would need to be irreversible in both configurations. Finally, Tet-OFF regulated expression systems controlled by transcription (as used in this study), proteolysis, or both have been analyzed in *Mycobacterium smegmatis* using the phenotypically neutral reporter, luciferase, and were found to be reversible, regaining luciferase activity with similar kinetics.^[@ref50]^ As an alternative hypothesis, we propose that the time-dependent lack of CoaBC activity might result instead from the misincorporation of less than fully elaborated pantethine precursors into CoA analogues that are used to post-translationally modify CoA-dependent proteins. This would lead to an irreversible accumulation of inappropriately modified CoA-dependent enzymes and thus result in metabolic poisoning of the organism. Experiments to test this hypothesis are currently in progress.

Comparative metabolomic analyses did not reveal any specific alterations in the levels of metabolite pools that could account for the distinct physiology associated with *coaBC* silencing. Moreover, levels of the pathway intermediates did not exhibit accumulations and depletions readily predicted by the specific step that was blocked by silencing, suggesting more complex regulatory mechanisms in *Mtb* and/or differences/variations in the pathway structure. These possibilities are the subject of ongoing investigation. These questions notwithstanding, the metabolomic analysis provided a signature that reflects the pleiotropic effects of CoA starvation on *Mtb* metabolism while raising questions regarding the hierarchy/ordering of metabolic changes that accompany a decline in the intracellular levels of CoA. For example, does the early depletion of malonyl-CoA signal preferential use of declining levels of acetyl-CoA to drive the TCA cycle at the expense of lipid biosynthesis, and, if so, how might this be affected---if at all---by the step at which the CoA pathway is blocked? In this regard, a class of CoA thioesters predicted to be affected by CoA depletion are the holo-form acyl carrier proteins (ACPs) as well as ACP domains in the two fatty acid synthase systems and the multiple type-I polyketide synthases of *Mtb*. These proteins/domains are characteristically rich in acidic residues and carry a P-PantSH prosthetic group attached to an invariant serine. Because the in vitro silencing experiments reported here were performed in media replete in glutamic acid, CoA depletion might lead to apo-form ACP accumulation,^[@ref56]^ which could be toxic in *Mtb*, as reported in *Escherichia coli*.^[@ref57]^ The bactericidal effect of transcriptional silencing of *pptT*, which encodes the 4′-phosphopantetheinyl transferase that transfers P-PantSH to the ACP domains of type I PKSs^[@ref58]^ and AcpM,^[@ref59]^ is consistent with this notion. Thus, comparative lipidomic and proteomic analyses of the pathway mutants might be particularly informative.

A critical question in the context of metabolic drug targets in a pathogen such as *Mtb* is whether, and to what extent, bypass/salvage mechanisms enabled by metabolite scavenge from the host might subvert a target's essentiality in vivo. We directly addressed this in the case of CoaBC by analyzing the effect of its depletion on the growth and persistence of *Mtb* in mice. Our results confirmed that *Mtb* does not have access to sufficient PantSH to sustain CoaBC bypass in this animal model. PantSH levels in the host are limited by pantetheinases, which convert PantSH into Pan and cysteamine for reuse in CoA biosynthesis.^[@ref60]^ Pantetheinase activity has been demonstrated in a variety of tissues in mammals, including mice and humans. The high degree of amino acid sequence similarity shared by mouse and human pantetheinases (79.1%)^[@ref61]^ suggests that these enzymes likely play a similar role in limiting PantSH levels in both.

There have been reports of a possible association between CoA biosynthesis and resistance of *Mtb* to pyrazinamide (PZA) through mutations in the aspartate decarboxylase, PanD,^[@ref62],[@ref63]^ although whether there is a direct link between the two remains unclear.^[@ref64]^ However, Gopal and colleagues^[@ref65]^ recently demonstrated that exposure of *Mycobacterium bovis* BCG to pyrazinoic acid, the active form of the prodrug PZA, resulted in depletion of intracellular CoA levels. These results suggest that treatment with a combination of a CoA biosynthesis inhibitor and PZA---one of only two TB drugs known to contribute to treatment shortening---could potentially act synergistically to reduce the duration of treatment even further. In this context, the data reported here have validated CoaBC as an attractive new target for TB drug development. Potent and selective inhibitors of *E. coli*, *Enterococcus faecalis*, and *Streptococcus pneumoniae* CoaBC have been synthesized, but none of these showed whole-cell activity.^[@ref66]^ Although this is likely attributable to their physicochemical properties,^[@ref66]^ it may also be due to the fact that they are noncompetitive inhibitors and, as such, are predicted to be less effective at inhibiting CoA pathway flux than mixed inhibitors would be.^[@ref43]^ There are currently no known inhibitors of *Mtb* CoaBC. However, the druggability of the CoaBC homologue from *Staphylococcus aureus* was confirmed by Strauss and colleagues, who showed that the natural product, CJ-15,801 is converted into a tight-binding inhibitor of the 4′-phosphopantothenoyl-[l]{.smallcaps}-cysteine synthetase activity of CoaBC through activation by the *S. aureus* type II PanK.^[@ref27]^ Although CJ-15,801 was not active against *Mtb* (data not shown), the most likely explanation for its lack of activity is the absence of a type II PanK in *Mtb* rather than intrinsic undruggability and/or invulnerability of the *Mtb* enzyme.

Finally, the results presented here underscore the need to move beyond simple "essentiality" of a specific gene/protein to a more nuanced pathway-focused estimation of the consequences of engaging specific targets in their innate cellular context. Particularly as we endeavor to identify agents that might shorten the course of TB treatment, targets whose inhibition leads to lethal consequences in vivo are much more valuable than targets that simply inhibit growth, reinforcing the importance of understanding the mechanisms that distinguish cidal from static phenotypes. This study has provided important insights in this regard while raising important questions whose answers await further investigation.

Methods {#sec4}
=======

Bacterial Strains and Growth Conditions {#sec4.1}
---------------------------------------

Bacterial strains and growth conditions are described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf).

Construction and Genotypic Characterization of Promoter Replacement Mutants {#sec4.2}
---------------------------------------------------------------------------

The integrative plasmids and primers used for generation of the promoter replacement mutants are listed in [Tables S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf). The procedures used to construct and genotypically characterize the promoter replacement mutants are described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf).

Gene Expression Analysis of Conditional Knockdown Mutants Using ddPCR {#sec4.3}
---------------------------------------------------------------------

Total cellular RNA was extracted, DNase-treated, reverse transcribed, and used in ddPCR assays as described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf).

Effect of Transcriptional Silencing on Viability of *Mtb* {#sec4.4}
---------------------------------------------------------

The effect of transcriptional silencing of *panB*, *panC*, *coaBC*, and *coaE* on the viability of *Mtb* was determined as described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf).

Proteomic Analysis of *coaBC* Conditional Knockdown Mutants {#sec4.5}
-----------------------------------------------------------

The *coaBC* Tet-OFF mutant was grown in a volume of 60 mL of 7H9 medium supplemented with pantethine (2.5 mg/mL) and antibiotic selection. Cells were grown to OD~600~ = 0.4, following which each culture was divided into two volumes of 30 mL, and ATc (200 ng/mL) was added to one of each. Total protein was extracted from 10 mL of culture and analyzed by MS-MS as previously described,^[@ref67]^ following 0, 3, and 6 days of incubation in the presence and absence of ATc. Raw MS files were processed for peptide identification as previously described,^[@ref67]^ and the total peptide intensities of six CoaBC-specific peptides were normalized to three reliably quantifiable SigA peptides defined in the *Mtb* proteome library.^[@ref68]^ The data are representative of three independent biological replicates, and *P* values were calculated by unpaired *t* test.

*Mtb* Metabolite Extraction and Metabolomic Profiling {#sec4.6}
-----------------------------------------------------

*Mtb* H37Rv and the *panB* Tet-OFF, *panC* Tet-OFF, *coaBC* Tet-OFF, and *coaE* Tet-OFF mutants were cultured at 37 °C in Middlebrook 7H9 broth or on 7H10 (Difco) supplemented with 0.2% acetate, 0.04% Tyloxapol (broth only), 0.5 g/L bovine serum albumin, and 0.085% NaCl. *Mtb*-laden filters used for metabolomic studies were generated as previously described^[@ref69]^ and incubated at 37 °C for 4 days to expand biomass. *Mtb*-laden filters were then transferred onto a fresh 7H10 agar plate with or without ATc (500 ng/mL) for a further 1.5 or 3 days. *Mtb*-laden filters were metabolically quenched by plunging filters into a mixture of acetonitrile/methanol/H~2~O (40:40:20) precooled to −40 °C; metabolites were extracted by mechanical lysis with 0.1 mm zirconia beads in a Precellys tissue homogenizer for 3 min (6500 rpm) twice under continuous cooling at or below 2 °C. Lysates were clarified by centrifugation and then filter sterilized across a 0.22 μm filter. All data obtained by metabolomics were the average of independent triplicates.

LC-MS-based metabolomic profiling was utilized to describe the metabolic landscapes of the wild-type and conditional knockdown mutants. As described previously, extracted metabolites were separated on a Cogent Diamond Hydride Type C column. The mass spectrometer used was an Agilent Accurate Mass 6220 TOF coupled to an Agilent 1200 LC system. Metabolites were identified on the basis of accurate-mass matching (mass tolerance \< 0.005 Da) and, when available, retention time matching against chemical standards. Metabolite ion intensities were extracted using Profinder 8.0 and Qualitative Analysis 6.0 (Agilent). The CoA biosynthesis pathway was visualized using OMIX. A metabolite heatmap and hierarchical clustering trees were generated using Cluster 3.0 and Java TreeView 1.0.

Genetic Validation of CoaBC in Vivo {#sec4.7}
-----------------------------------

Female C57BL/6 mice (Jackson Laboratory) were infected with early log-phase *Mtb* cultures as described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf). Procedures involving mice were performed following the National Institutes of Health guidelines for the housing and care of laboratory animals and were reviewed and approved by the Institutional Animal Care and Use Committee of Weill Cornell Medical College.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsinfecdis.6b00150](http://pubs.acs.org/doi/abs/10.1021/acsinfecdis.6b00150).Supplemental methods, three tables, and nine figures ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00150/suppl_file/id6b00150_si_001.pdf))
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ATc

:   anhydrotetracycline

CFU

:   colony-forming unit

CoaB

:   4′-phosphopantotheinoyl-[l]{.smallcaps}-cysteine synthetase (PPCS)

CoaC

:   4′-phosphopantotheinoyl-cysteine decarboxylase (PPCDC)

CoaD

:   phosphopantetheine adenylyltransferase

CoaE

:   dephospho-CoA kinase

ddPCR

:   droplet digital PCR

*Mtb*

:   *Mycobacterium tuberculosis*

Pan

:   pantothenate (vitamin B5)

P-Pan

:   phosphopantothenate

PanB

:   ketopantoate hydroxymethyltransferase

PanC

:   pantothenate synthetase

PanD

:   aspartate decarboxylase

PanE

:   ketopantoate reductase

PanK

:   type I pantothenate kinase

PantS

:   pantethine

PantSH

:   pantetheine

P-PanSH

:   phosphopantetheine
